Background: The immunogenicity profile of the 9-valent HPV (9vHPV) vaccine was evaluated across five phase III clinical studies conducted in girls and boys 9-15 years of age and young women 16-26 years of age. The effect of baseline characteristics of subjects on vaccine-induced HPV antibody responses was assessed. Methods: Immunogenicity data from 11,304 subjects who received ≥1 dose of 9vHPV vaccine in five Phase III studies were analyzed. Vaccine was administered as a 3-dose regimen. HPV antibody titers were assessed 1 month after dose 3 using a competitive Luminex immunoassay and summarized as geometric mean titers (GMTs). Covariates examined were age, gender, race, region of residence, and HPV serostatus and PCR status at day 1. Results: GMTs to all 9 vaccine HPV types decreased with age at vaccination initiation, and were otherwise generally similar among the demographic subgroups defined by gender, race and region of residence. For all subgroups defined by race or region of residence, GMTs were higher in girls and boys than in young women. Vaccination of subjects who were seropositive at day 1 to a vaccine HPV type resulted in higher GMTs to that type, compared with those in subjects who were seronegative for that type at day 1. Conclusions: 9vHPV vaccine immunogenicity was robust among subjects with differing baseline characteristics. It was generally comparable across subjects of different races and from different regions. Greater immunogenicity in girls and boys versus young women (the population used to establish 9vHPV vaccine efficacy in clinical studies) indicates that the anti-HPV responses generated by the vaccine in adolescents from all races or Abbreviations: HPV, human papillomavirus; VLP, virus-like particle; 9vHPV, 9-valent human papillomavirus; cLIA, competitive Luminex immunoassay; GMTs, geometric mean titers; CI, confidence interval; mMU/mL, milli-Merck units per milliliter; qHPV, quadrivalent human papillomavirus 
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Introduction
Human papillomavirus (HPV) is the cause of nearly all cervical cancers and a substantial proportion of anal, vulvar, vaginal, penile and oropharyngeal cancers; thus, it is responsible of approximately 5% of the global cancer burden [1] . The identification of HPV as a primary cause of anogenital cancers created an opportunity for cancer prevention through vaccination. First generation HPV vaccines, including the quadrivalent HPV (types 6/11/16/18) (qHPV) vaccine and the bivalent HPV (types 16/18) vaccine were initially developed [2] . A 9-valent HPV (types 6/11/16/18/31/33/45/52/58) (9vHPV) vaccine (Gardasil 9, Merck & Co., Inc., Kenilworth, NJ) was subsequently developed to provide protection against the HPV types already covered by the qHPV vaccine and the next five most common oncogenic types associated with cervical cancer worldwide (types 31/33/45/52/58) [3] . The 9vHPV vaccine could potentially prevent approximately 90% of cervical cancers, HPV-related vulvar, vaginal and anal cancers and genital warts worldwide [4] [5] [6] [7] [8] [9] . The 9vHPV vaccine was licensed in 2014 in the US, in 2015 in Canada, the EU and Australia, and in 2015 and 2016 in other countries.
In a clinical trial conducted in women 16-26 years of age, the 9vHPV vaccine prevented infection and disease caused by HPV 31/33/ 45/52/58. It also induced anti-HPV 6/11/16/18 antibody responses that were non-inferior to responses induced by the qHPV vaccine; efficacy of the 9vHPV vaccine against infection and disease caused by HPV 6/11/16/18 was inferred based on these results [10] [11] [12] . In another clinical trial, the 9vHPV vaccine induced non-inferior antibody responses to HPV 6/11/16/18/31/33/45/52/58 in girls and boys 9-15 years of age vs. women 16-26 years of age; efficacy of the 9vHPV vaccine against infection and disease caused by the 9 vaccine HPV types in girls and boys 9-15 years of age was inferred based on these results [13] .
HPV infection is a global health concern; prophylactic HPV vaccination is included in the national immunization programs of at least 80 countries [14] , and used in diverse settings worldwide. It is anticipated that the 9vHPV vaccine will be widely licensed and recommended. Thus, it is useful to evaluate the impact of demographic parameters on the immunogenicity of the 9vHPV vaccine. Of relevant note, a similar study examining the impact of demographic parameters on the immunogenicity of the qHPV vaccine was published shortly after the initial licensure of the qHPV vaccine [15] . This report summarizes a combined analysis of five Phase III clinical trials conducted in girls and boys 9-15 years of age and women 16-26 years of age to examine antibody responses in subgroups for which individual studies may have had limited sample size. Thus, these analyses are novel and may be of interest to many as the 9vHPV vaccine becomes more widely available. Immunogenicity of the 9vHPV vaccine in young men 16-26 years of age was not included in these analyses; it will be the topic of another report so that the additional complexities specific to that population (i.e., lower HPV antibody responses in men having sex with men than in heterosexual men [16, 17] ) can be fully explored.
Materials and methods

Enrollment and vaccination
An analysis of the combined immunogenicity database of Phase III studies submitted to regulatory agencies in support of the licensure of the 9vHPV vaccine was conducted. This analysis included 11,304 subjects who received 9vHPV vaccine in five Phase III studies (Table 1) . These studies contained three separate populations: virginal girls 9-15 years of age, virginal boys 9-15 years of age, and young women 16-26 years of age, most of whom were sexually active. Eligible subjects received a 3-dose vaccination regimen given as intramuscular injections at day 1, month 2 and month 6. Each study was conducted in accordance with principles of Good Clinical Practice and was approved by the institutional review board at each participating institution and by regulatory agencies. Written informed consent was provided by all adult subjects and by a parent or legal guardian of subjects who were minors, assent was also obtained from minors in conformity with b Subjects who received the low-dose, mid-dose or high-dose formulation of 9vHPV vaccine during the dose selection portion of the study [10, 43] are not included; immunogenicity results in these subjects are reported in [44] . c Subjects randomized to the 9vHPV vaccine who received ≥1 dose of vaccine. d Subjects randomized to the non-concomitant arm who received ≥1 dose of 9vHPV vaccine. Subjects randomized to the concomitant arm of studies 005 and 007 are not considered in this report; immunogenicity results in these subjects are reported in [22, 23] .
Papillomavirus Research 3 (2017) [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] applicable national and local requirements. Baseline characteristics for the overall population of subjects who were randomized to receive the 9vHPV vaccine are presented in Table 2 .
Immunogenicity evaluation
Serum samples were obtained at day 1 and month 7 for anti-HPV antibody testing. The serum samples were assessed for antibodies to HPV VLP types 6/11/16/18/31/33/45/52/58 by a multiplexed competitive Luminex Immunoassay (cLIA; HPV-9 cLIA Version 2.0; performed by PPD Vaccines and Biologics Lab, Wayne, PA, USA), as described previously [18] . Antibody titers for each individual HPV type were determined through competition with type-specific monoclonal antibodies, so it is not possible to directly compare assay results across HPV types. In addition, cervical and external genital swabs collected at day 1 and month 7 in young women 16-26 years of age for testing by polymerase chain reaction (PCR) for type-specific detection of HPV DNA; PCR testing included the 9 vaccine types and 5 additional oncogenic HPV types (HPV 35/39/51/56/59) [19, 20] . HPV seropositivity at day 1 or PCR positivity at day 1 and month 7 was not a reason for exclusion from the study; however, the results were part of the criteria to define analysis populations.
Data analysis
The serum samples from day 1 and PCR samples from day 1 and month 7 were analyzed for each vaccine HPV type prior to enrollment to identify participants who were positive to one or more HPV types, and these participants were subsequently excluded from the perprotocol immunogenicity analysis for the corresponding HPV type(s). To be included in the HPV type specific per-protocol immunogenicity analysis populations, subjects had to meet the following requirements: (1) be seronegative at day 1 and (for 16-to 26-year-old women) PCRnegative from day 1 through month 7 only for the HPV type being analyzed (for HPV 6 and HPV 11 immunogenicity analyses, because of extensive cross-reactivity due to the high amino acid sequence identity [92%] between HPV 6 and HPV 11 L1 proteins [21] , subjects had to be seronegative and, for women 16-26 years of age, PCR-negative for both HPV 6 and HPV 11); (2) receive all 3 doses of the correct clinical material within acceptable day ranges; (3) have a post-dose 3 serology result within acceptable day ranges and (4) have no protocol violation that could potentially interfere with the immunogenicity evaluation as judged by the study director. Seropositive was defined as anti-HPV serum cLIA levels ≥30, 16, 20, 24, 10, 8, 8, 8, 8 milli-Merck units per milliliter (mMU/mL) for HPV types 6, 11, 16, 18, 31, 33, 45, 52 and 58 respectively. Subjects who incidentally received a concomitant vaccination in studies 001, 002 and 009, were excluded from per-protocol immunogenicity analyses as concomitant vaccination was prohibited per protocol in these studies [10, 12, 13] . Thus, for consistency across studies, subjects in the concomitant arm of studies 005 and 007 (studies to assess co-administration of 9vHPV vaccine with diphtheria, tetanus, pertussis, poliomyelitis and meningococcal vaccines) were also excluded from this combined immunogenicity analysis. Immunogenicity results from the concomitant and non-concomitant arms of studies 005 and 007 have been reported [22, 23] . Subjects excluded from per-protocol analyses are summarized in Supplementary material Table 1 . Although the per-protocol analyses excluded subjects who were HPV positive (seropositive and/or PCR positive) for vaccine HPV types at baseline, a separate analysis was performed including these subjects to elucidate the differences in immune response between baseline HPV positive and HPV negative subjects. To be included in this analysis, subjects had to meet the following requirements: (1) have a day 1 serology result and a day 1 PCR result; (2) receive all 3 doses of the correct clinical material; and (3) have a post-dose 3 serology result within acceptable day ranges. These analyses were done in subjects (women 16-26 years) enrolled in study 001.
Geometric mean titers (GMTs) with associated 95% confidence intervals were computed and compared across categories of baseline subject characteristics. Cohorts analyzed included subjects given the 9vHPV vaccine stratified into the following three age/sex groups: boys 9-15 years of age, girls 9-15 years of age, and young women 16-26 years of age. Baseline covariates analyzed included age, sex, race, region of residence, and baseline HPV seropositivity and PCR-positivity. All of these evaluations were exploratory in nature; therefore, no statistical tests of hypotheses were performed. Non overlapping 95% confidence intervals were used as indicators of differences of immune response.
It has been previously observed that HPV antibody response to HPV vaccination declines with increasing age [2, 13, 15] . Analyses were conducted to explore whether this relationship varies with race and geographic region. Linear regression model was fitted on the logarithm (base 10) of HPV antibody titer at Month 7 as a function of age at vaccination dose 1 to model the relationship of HPV antibody response at Month 7 with age. Graphical methods were used to display the regression line representing the estimated mean log 10 -HPV antibody response as a function of age together with the 95% confidence band around the regression line. The regression line and 95% confidence band were displayed by race and geographic region to graphically compare trends of the relationship of HPV antibody response by age across race and geographic region. For each HPV type, two analyses were conducted: an analysis of mean HPV antibody response by race irrespective of geographic region (this analysis is relevant given that race is a reasonable surrogate for geographic region); a second analysis of mean HPV antibody response by race and geographic region. No formal statistical testing was done on the trends of the relationship of mean HPV antibody response by age across race or race and geographic region.
In studies 001 and 009, subjects were randomized to receive 9vHPV vaccine or qHPV vaccine [10, 12] . This report considers only subjects who received the 9vHPV vaccine. Immunogenicity of qHPV vaccine by baseline covariates has already been reported [15] . 
Results
The population included in the present analysis was ethnically diverse and resided in both high-income and low-and middle-income countries. The baseline characteristics among the age/sex cohorts are shown in Table 2 . Overall, 98.8% (11,304 of 11,321) of subjects randomized to 9vHPV vaccine received at least one dose of vaccine and 97.6% (11,046 of 11,321) of subjects received all three doses of vaccine. Principal reasons for exclusion from per-protocol immunogenicity analyses included seropositivity and/or PCR positivity to HPV vaccine types and missing serology samples (Supplementary material Table 1) . Table 3 summarizes the serum anti-HPV responses at month 7 in the three populations analyzed. For all subjects, seroconversion rates at month 7 ranged from 99.6% to 100%. As seen previously in study 002 [13] , geometric mean titers (GMTs) at month 7 were markedly higher in girls and boys than in young women for all 9 vaccine HPV types; and among the adolescents, administration of the vaccine to boys generally resulted in marginally higher anti-HPV GMTs than girls of the same age. Fig. 1 summarizes the serum anti-HPV responses at month 7 in girls and women, stratified by age at enrollment. GMTs decreased with increasing age. Relatively large variations for ages 16 and 17 years were observed, likely representing random variations due to the limited numbers of subjects enrolled in this age range (~2% of total girls and women enrollment). Supplementary material Fig. 1 provides a similar analysis for boys. For each of the 9 HPV types, month 7 GMTs decreased as the age at first vaccination increased.
Small numeric differences in month 7 anti-HPV GMTs were observed among subpopulations of women 16-26 years of age defined by race. In particular, black women tended to have higher anti-HPV GMTs than Asian or white women or women of other races. However, no consistent pattern was demonstrated across all 9 vaccine types (Table 4) . Subjects in Africa, Latin America and North America tended to have higher anti-HPV GMTs than subjects in Asia, and Europe (Table 5 ). Analyses of month 7 GMTs by race (Supplementary material  Tables 2 and 3 ) and by region (Supplementary material Tables 4 and 5) in girls and boys 9-15 years of age provided similar results. Month 7 GMTs were markedly higher in girls and boys 9-15 years of age than in women 16-26 years of age for all subgroups defined by race or region for all 9 HPV types.
In exploratory analyses, the inverse relationship between mean HPV antibody responses at month 7 and age was seen regardless of race and geographic region (Supplementary material Fig. 2) . Even though small differences were observed among subgroups defined by race or race and region, no consistent pattern was demonstrated across all 9 vaccine types. Table 6 displays the anti-HPV levels at month 7 in subject groups Table 3 Per-protocol summary of month 7 anti-HPV geometric mean titers in subjects who received 3 doses of 9vHPV vaccine. 
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defined by day 1 HPV serostatus and PCR status. Inclusion of subjects regardless of baseline HPV status permitted a comparison of vaccineinduced immune responses with those generated in response to an HPV infection. Robust antibody responses were observed in all groups for all HPV types. GMTs appeared to be the highest in the group which was seropositive and PCR negative on day 1 (i.e., subjects who were seropositive at enrollment likely due to a prior exposure to HPV). GMTs were analyzed over time in the per-protocol population and in subjects seropositive and PCR negative at day 1 in study 001. Table 7 enumerates anti-HPV GMTs at all time-points from month 3 (1 month post-dose 2) and month 7 (1 month post-dose 3) to month 42 in subjects that were seropositive and PCR negative at day 1. Notably, in GMT, geometric mean titer (given in milli-Merck units per milliliter). CI, confidence interval. GMT, geometric mean titer (given in milli-Merck units per milliliter). CI, confidence interval.
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Papillomavirus Research 3 (2017) 105-115 this population, the anti-HPV GMTs generated by the 9vHPV vaccine were dramatically increased after 2 doses (month 3) or 3 doses (month 7), and were substantially higher (as evidenced by non-overlapping 95% CI) than GMTs observed in the per-protocol population for all time points from month 3 to month 42.
Discussion
A combined analysis of the immunogenicity in five Phase III clinical studies showed that a 3-dose regimen of the 9vHPV vaccine was highly immunogenic in girls and boys 9-15 years of age and young women 16-26 years of age, with seroconversion rates at 1 month post-dose 3 > 99% in these three populations. GMTs at 1 month post-dose 3 in the combined database were higher in girls and boys than in young women, a finding consistent with results previously seen in study 002 [13] . Moreover, the 9vHPV vaccine induced robust HPV antibody responses to all 9 vaccine HPV types in all subgroups of subjects defined by age, race, and geographic region of residence. GMTs at 1 month post-dose 3 steadily decreased with increasing age at the start of vaccination. Small numeric differences in GMTs were observed among subpopulations defined by race and region of residence. In groups of subjects who were seropositive and PCR negative for a given HPV type at day 1, higher GMTs were seen for this HPV type compared with groups of subjects who were seronegative for this HPV type at day 1. HPV seropositivity at baseline likely reflects a humoral immune response following prior infection with HPV; PCR negativity likely indicates the absence of ongoing infection with HPV. The higher GMTs in this population are suggestive of an anamnestic response following 9vHPV vaccine administration [24] . Recently, Scherer et al. reported that a single dose of the qHPV vaccine improved the B cell memory of persons with pre-existing antibodies to HPV 16. In this study, a single dose of qHPV vaccine administered to HPV 16-seropositive women boosted antibody levels 24-to 930-fold at one month post-vaccination and elicited HPV 16-specific memory B cells that expressed type specific neutralizing antibodies [25] . These data indicate that vaccination augments natural HPV immunity by not only boosting antibody levels but also eliciting a quantitatively and qualitatively superior memory B cell response. Of note, the qHPV vaccine has been shown to protect seropositive women against subsequent disease due to the corresponding vaccine HPV type [26] . Taken together these results indicate that in subjects previously infected with certain HPV vaccine types and who have cleared infection, vaccination could potentially prevent reinfection and disease due to these types. It must be noted though, regardless of the HPV seropositivity status prior to vaccination, all subjects exhibited a robust boost in GMTs post-vaccination.
In a Phase III clinical study (study 001), the 9vHPV vaccine prevented infection and disease related to HPV 31/33/45/52/58 in young women 16-26 years of age from multiple races and regions [10] . In the same study, the efficacy findings established with qHPV vaccine for HPV 6/11/16/18 in earlier clinical studies [27] [28] [29] were extended N=number of subjects who received at least 1 injection of 9vHPV vaccine; n=number of subjects contributing to the analysis. GMT, geometric mean titer (given in milli-Merck units per milliliter). CI, confidence interval. a This analysis population includes subjects who received all 3 doses of correct clinical material, had serology & PCR results at day 1 for the relevant HPV type and had a post-dose 3 or month 7 serology result within acceptable day ranges. to the 9vHPV vaccine based on the demonstration of non-inferior HPV 6/11/16/18 antibody responses. In additional analyses, both qHPV and 9vHPV vaccine were found to be highly efficacious against infection and disease in subgroups of young women 16-26 years of age differing by age, race, and region of residence [29] [30] [31] [32] [33] [34] [35] . Therefore, the small differences in 9vHPV vaccine immunogenicity by age, race or region of residence shown in this report in young women 16-26 years of age are unlikely to have a clinical significance.
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As seen in this report, anti-HPV GMTs at month 7 are substantially higher in all subgroups of girls and boys 9-15 years of age defined by age, race, and region of residence compared with HPV antibody responses in young women 16-26 years of age in the combined database (Table 3) or previously reported in study 001 [10] . As previously reported, prophylactic administration of the 9vHPV vaccine to 16-26-year-olds was highly effective in preventing infection and disease due to vaccine HPV types [10] . Thus, the anti-HPV responses generated by the vaccine in adolescents were sufficient to induce highlevel protective efficacy. Overall, 9vHPV vaccine efficacy can be inferred in all subgroups and the small differences in 9vHPV vaccine immunogenicity by age, race or region of residence shown in this report are unlikely to have a clinical significance in girls and boys 9-15 years of age.
There are several limitations to this combined analysis of immunogenicity. Even though the studies included in these analyses enrolled subjects from six continents, they enrolled only a limited number of subjects from Africa and South Asia. Therefore, it will be important to further evaluate the immunogenicity of the 9vHPV vaccine in these regions, especially given the prevalence of HIV infection or other coinfections and malnutrition in these regions which may impact immune response to the vaccine. Of note, studies of the qHPV vaccine in sub-Saharan Africa, India, and Vietnam, and a study in HIV-infected children demonstrated robust immunogenicity in these populations [36] [37] [38] [39] . Given that the 9vHPV vaccine and qHPV vaccine have comparable immunogenicity profiles [10] [11] [12] , similar results are expected with the 9vHPV vaccine.
This combined analysis assessed the immunogenicity of a 3-dose regimen of 9vHPV vaccine. The use of an alternative 2-dose regimen for HPV vaccines has been recommended in 2014 by the World Health Organization in 9-to 14-year-olds [40] . The 2-dose schedule for the previously developed bivalent and quadrivalent HPV vaccines has been implemented in several countries [41] . A Phase III study to assess a 2-dose regimen of the 9vHPV vaccine in girls and boys 9-14 years of age has recently provided relevant immunogenicity data [42] .
In summary, the 9vHPV vaccine induced robust HPV antibody responses to all 9 vaccine HPV types in subjects from all ages, races, and geographic regions represented in the aforementioned five Phase III studies of the vaccine. This comprehensive immunogenicity profile provides compelling evidence for administration of the 9vHPV vaccine at an early age (i.e., before exposure to HPV) and supports a widespread 9vHPV vaccination program regardless of race or region of residence.
Conclusion
In clinical trials, the 9vHPV vaccine was highly immunogenic in subjects aged 9-26 years. The 9vHPV vaccine immunogenicity was robust among subjects with differing baseline characteristics (age, gender, race, region of residence, and HPV serostatus and PCR status at day 1). Its immunogenicity profile was similar to that of the qHPV vaccine. The demonstrated efficacy, safety and immunogenicity profile of the 9vHPV vaccine supports widespread vaccination programs.
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